Myosin V and myosin VI are two classes of two-headed molecular motors of the myosin superfamily that move processively along helical actin filaments in opposite directions. Here we present a hand-over-hand model for their processive movements. In the model, the moving direction of a dimeric molecular motor is automatically determined by the relative orientation between its two heads at free state and its head's binding orientation on track filament. This determines that myosin V moves toward the barbed end and myosin VI moves toward the pointed end of actin. During the moving period in one step, one head remains bound to actin for myosin V whereas two heads are detached for myosin VI: The moving manner is determined by the length of neck domain. This naturally explains the similar dynamic behaviors but opposite moving directions of myosin VI and mutant myosin V (the neck of which is truncated to only one-sixth of the native length). Because of different moving manners, myosin VI and mutant myosin V exhibit significantly broader step-size distribution than native myosin V. However, all three motors give the same mean step size of ~ 36 nm (the pseudo-repeat of actin helix). Using the model we study the dynamics of myosin V quantitatively, with theoretical results in agreement with previous experimental ones.
Among the superfamily of myosin, class V and class VI myosins have been demonstrated to be able to move processively along helical actin filaments [1] [2] [3] [4] [5] [6] [7] . Myosin V moves toward the barbed ends while myosin VI toward the pointed ends of actin filaments [8, 9] . Processivity means that one molecule can undergo multiple ATPase cycles and coupled mechanical steps for each diffusional encounter with actin. This is adapted obviously for their cellular functions in organelle and vesicular transport. The opposite moving directions imply their distinct roles. Both myosin V and myosin VI are composed of two heavy chains, each consisting of a motor domain (MD), a neck domain, an α-helical coiled coil and a globular target-binding domain [8] [9] [10] . One of the main structural difference of myosin V and myosin VI is in their neck domains: The neck of myosin V has six light-chain binding sites (IQ motifs) bound with six calmodulins, while that of myosin VI has only one IQ motif bound with one calmodulin. Consequently the neck of myosin VI is much shorter than that of myosin V. Another structural difference is that myosin VI has two small insertions of 9 and 13 residues in a region between the nucleotide pocket and the actin binding interface of the MD and has one large insertion of 53 residues between the IQ motif and the converter domain in the MD.
Now there is no consensus as to the mechanism of the processive movement of myosin V and myosin VI. The presently prevailing model for myosin V is the hand-over-hand model which is based on the lever-arm mechanism [2, 5, [11] [12] [13] [14] [15] . In that model, it is supposed that the motor maintains continuous attachment to actin by alternately repeating single-headed and double-headed binding. The model requires that the two heads move in a coordinated manner and alternately move past each other. The model can explain the experimental results on the dynamics such as average step size (~36 nm). Especially, a recent elegant experiment by Yildiz et al. [15] , in which they used high-resolution single fluorophore imaging technique to track a single fluorophore attached to one of the long myosin heads as it moves along actin, provides compelling evidence in favor of the hand-over-hand model. However, it is difficult to explain with the model the experimental observations on mutant myosin V by Tanaka et al. [16] : Although the neck of myosin V is truncated to only one-sixth of the native length, surprisingly they found that the mutant myosin V can still make processive movements along actin and, in addition, the average step size is still ~36 nm! In addition, in order to explain the large step size of myosin VI [6, 7] with the model, it has to be assumed that myosin VI operates by a combination of a short powerstroke of the short lever arm (neck domain) coupled with a significantly extended conformation adopted by the 53-residue large insertion [6] . However, as just mentioned, mutant myosin V with only one IQ but no such an insertion can still make large steps! An alternative model based on biased Brownian motion has been proposed for myosin V and myosin VI [3, 7] . There the movement of a myosin is realized by biased thermal diffusion of its heads along actin. Thus the neck length does not affect the step sizes. The model is supported by the experimental results with myosin VI and mutant myosin V. However, it is not consistent with the experimental observation for myosin V by Yildiz et al. [15] . In addition, the origin of the potential slope is not clear.
For quantitatively studying the dynamics of molecular motors, two approaches are often used. One is the multistate chemical kinetic description [17, 18] . In this approach, it is postulated that a motor protein molecule steps through a sequence of discrete chemical states linked by rate constants. The other one is the thermal ratchet model in which a molecular motor is viewed as a Brownian particle moving in two (or more) periodic but spatially asymmetric stochastically switched potentials [19] [20] [21] [22] .
In this paper, we propose a new hand-over-hand model that can explain not only the processive movement of native myosin V, but also that of myosin VI and mutant myosin V. According to the model, the moving direction of a dimeric motor is determined by the relative orientation between the two heads at free state of the motor and its head's binding orientation on track filament; while its mean step size is determined by the pseudo-repeat of actin helix. The model does not require the two heads' coordination in their ATPase and mechanical cycles. Rather, the ATPase activities at the two heads are independent. During the moving period in one step, one head is bound to actin for myosin V, whereas both heads are detached for myosin VI. Using the model, the rather puzzling experimental results of mutant myosin V [16] become readily understandable: Mutant myosin V has a very similar dynamic behavior but opposite moving direction compared with myosin VI. The significantly greater spread of step-size distribution of myosin VI (or mutant myosin V) than that of native myosin V is easily explained. The theoretical results of the dwell duration between steps versus load for different ATP concentrations and the dwell duration versus [ATP] at low load for myosin V are in agreement with the previous experimental results [1] .
Myosin V
We assume that the free state of myosin V is as shown in Fig. 1(a) (left) and its MD binds to the binding site on actin in an orientation as shown in Fig. 1(a) (right) . Since the coiled coil that connects the two neck domains contains no IQ motif and calmodulin, the distance between the two MD's can vary easily within a limited range around their equilibrium distance. This is consistent with the electron microscopy observations [23] .
Because each head of myosin V has a long neck domain, containing six IQ motifs plus six calmodulins, it is reasonable to assume that the neck is elastically bendable. Thus the two heads can bind simultaneously to two equivalent motor binding sites (~36 nm apart) along actin in equivalent orientations [ Fig. 2(a) ]. Note that the neck shapes in Fig. 2(a) , which are determined by the internal elastic force and torque resulted from the change of the orientation of the right MD from that in Fig. 1(a) , are consistent with the observations by electron microscopy [24] . Once one of the two heads or both become(s) free, the internal elastic force and torque drives the dimeric myosin V to its free (or equilibrium) state [ Fig. 2(b) ]. This is based on the principle of minimum free energy, for the equilibrium state has the minimum free energy and the rigor state [ Fig. 2(a) ] has a greater free energy.
The structural studies of myosin heads and actin helix filaments by X-ray crystallography reveals that a myosin MD, for example, of a vertebrate smooth muscle myosin has +16 net elementary charges [25] and a monomer of actin has -5 net elementary charges [26] . Thus we assume that the binding force between a myosin MD and the actin filament is electrostatic. When the MD is very close to a binding site of actin, the electrostatic binding force is dependent on the charge distributions on the two surfaces [27, 28] , thus resulting in fixed binding orientation of the MD on actin [ Fig. 1(a) (right) ].
The conformational change of a myosin head at its actin-binding site results in the variation of the electrostatic binding force between the myosin head and actin. For the weakening of the binding force we make the following hypothesis. When there is a conformational change caused by ATP binding or ATP hydrolysis, there appear some gaps between the MD and actin. Therefore, the solvent will flow into the gaps, causing the relative dielectric constant in the gaps, ε χ = + , to increase from the low ε of solute [27] . As the MD which attracts negative ions around it departs from its binding site on actin, there will be more positive ions than negative ions left in the local solvent near the binding site, which results in the increase of screening effect on the negative charges of the nearby actin monomers. This is equivalent to that the value of of the local solvent can be much larger than the average value of Here we give an illustration of whether ATP binding or ATP hydrolysis results in the weakening of the binding force. Using Tryp fluorescence De La Cruz et al. [29] determined an ATP hydrolysis rate of for myosin V, and Trybus et al. [10] experimentally determined a myosin dissociation rate of ~ 850 s by ATP binding. Both rates are nearly the same and are much higher than the ATPase cycle rate of [29] . Therefore, either hypothesis that ATP binding promotes the MD detachment or that ATP hydrolysis leads to the weakening of binding force is consistent with the experimental result. In the case of kinesin, which performs the same task of intracellular transport and is in the same solvent environment as myosin V, it is the ATP hydrolysis that results in the weakening of binding force [30] . The proposed mechanism for the processive movement of myosin V is similar to that of kinesin [31] . We begin with two heads bound to the two binding sites (i.e., rigor state) by the electrostatic binding forces, as shown in Fig. 2(a) or (a' ). According to the moving direction, we will call the head close to the barbed end the leading head and that close to the pointed end the trailing head for myosin V.
We consider two cases for ATP binding: . Then ATP binds to the trailing head and is hydrolyzed, and myosin V makes a forward step as in case (i). Two ATP molecules are consumed to make this forward step (2:1 coupling). After this step ATP has a larger probability to bind to the new trailing head earlier than the new leading head if the ATPase cycle rates at the two heads are assumed to be the same.
In fact, in the rigor state as shown in Fig. 2 (a) there exist a forward internal elastic force on the trailing head and a backward force on the leading head. As will be discussed in detail in Sec. 4, this results in that the ATPase rate at the trailing head is much higher than the leading head. Therefore, myosin V generally hydrolyzes one ATP per step (1:1 coupling).
Myosin VI
We assume that the free state of myosin VI is as shown in Fig . The difference may be due to the presence of small insertions in the MDs of myosin VI. This conjecture is based on the experiment by Homma et al. [9] , where by constructing various chimaeric myosins with different combinations of the MDs and necks from myosin V and myosin VI they found that it is the MD that determines the direction of myosin movement.
Because myosin VI has a short neck domain, containing only one IQ motif plus one calmodulin, it will be much more rigid to bending than the neck of myosin V. In another word, it requires much stronger force and torque to change the relative orientation between the two heads from that as shown in Fig. 1 (b) (left) to that the two heads are in equivalent binding orientations. Therefore, once a head is bound to a binding site of actin, we assume that the other head cannot bind to some nearby binding site and still remains at its equilibrium position. This is different from myosin V as mentioned in Sec. 1 and from kinesin [31] . In the case of kinesin, although the neck linker of a head is also short, because there is no calmodulin binding, it is considered to be elastically stretchable/compressible and bendable. In addition, the binding force of microtubule is stronger than that of actin, and this stronger binding force can overcome the internal force and torque and drive the unbound kinesin head bound to microtubule. That is, at rigor state, two kinesin heads are bound to microtubule.
The proposed mechanism for the processive movement of myosin VI is described as follows. We begin with one head (in nucleotide-free state) of myosin VI bound to a binding site of the actin filament. As required by the equilibrium state the unbound head (in ADP-P i -bound state) will be in the position as shown in Fig. 3(a) . According to the moving direction, we will call the head close to the pointed end the leading head and that close to the barbed end the trailing head for myosin VI (noting the difference from myosin V).
ATP binding at the bound myosin head leads to the increase of of the local solvent, resulting in the weakening of the electrostatic binding force of the nearby actin-binding sites. Now the electrostatic force between the positively charged leading head and the negatively-charged binding sites is asymmetric in the horizontal direction, as shown in Fig. 3(b) , where the binding site with the strongest electrostatic binding force is shown in red and as the color becomes shallower the electrostatic binding force becomes weaker. Therefore, the horizontal component
of the net electrostatic force acting on the leading head points to the pointed end of actin. On the other hand, because the present electrostatic force between the trailing head and the actin-binding sites is symmetric, the horizontal component of the net electrostatic force acting on the trailing head is zero. Thus driven by F E from the leading head, the trailing head is detached from the weak binding site [ Fig. 3(b) ], and then myosin VI diffuses toward the pointed end [ Fig. 3(c) ]. Note that there always exists the vertical component of the net electrostatic force, acting on myosin VI, that points toward actin during diffusion and this prevents myosin VI from diffusing away from actin. Since now both heads are detached, even a weak binding force can make the leading head bind to some nearby binding site of actin in the fixed orientation with P i release [ Fig. 3(d) ]. The binding probability follows the bound level distribution (which depends on the electrostatic binding force) as measured by Mehta et al. [32] and Steffen et al. [33] and, therefore, the step size of myosin VI has a broad distribution similar to that of the bound level. Once the leading head binds to actin, the trailing head will immediately become the new leading head as required by the equilibrium state [ Fig. 3(d) ].The new bound head is now in ADP-bound state. Activated by actin, ADP is released and the trailing head becomes nucleotide-free [ Fig. 3(e) ]. One mechanochemical cycle is completed, with one ATP being hydrolyzed per step (1:1 coupling).
It is noted that the moving behaviour of myosin VI is different from that of myosin V. (i) For myosin V there is always one head bound to actin and the two heads can bind to actin simultaneously; whereas for myosin VI both heads can be detached from the actin simultaneously but can never bind to actin simultaneously. The moving behavior of the former is like human walking; whereas that of the latter is somewhat like human running. (ii) Myosin V moves processively to the barbed end of actin; whereas myosin VI moves processively to the pointed end. The moving directions of dimeric motors, including kinesin, are determined by the relative orientations between the two heads at free states of the motors and their heads' binding orientations on the track filaments.
It is interesting to note that, if the neck domain of myosin V is mutantly truncated to only one-sixth of the native length, its moving behaviour and dynamics should become the same as those of myosin VI except the moving direction. The relative orientation between the two heads of mutant myosin V at free state [ Fig. 1(c) (left) ] and its head's binding orientation on actin [ Fig. 1(c)  (right) ], which are the same as those for native myosin V, determine its processive movement to the barbed end. This is consistent with the experimental results of Tanaka et al. [16] : The step-size distribution is the same as that of myosin VI [6, 7] , but its moving direction is opposite to myosin VI.
Moving time in one step
In this section we will calculate the moving time τ of myosin V and myosin VI in one step. 5 To this end, we resort to the following equation for an over-damped Brownian particle ( ) 
Myosin V. The moving time τ is defined as the time for the detached head moving from binding site (I) to binding site (III) in Fig. 2 . From the Stokes formula we have and the myosin head is approximated as a sphere with radius . The driving force is assumed to be equal to the stall force, [1] . From Eq. (1) we obtain that the mean first-passage time T, i.e., the moving 
where ( ) Myosin VI. The moving time τ is defined as the time for myosin VI to diffuse from the position as shown in Fig. 3(b) to that in Fig. 3 
Dynamics
As we noted in the above section, the moving times of myosin V and myosin VI in one step are several orders shorter than ATPase cycle time (~100 ms [29] ). Thus, during one ATPase cycle both heads are almost always bound to actin for myosin V and one head bound to actin for myosin VI. That means that the moving velocities of myosin V and myosin VI actually only depend on the ATPase rates at two heads in rigor state in Fig. 2(a) for myosin V and in Fig. 3(a) for myosin VI, respectively.
To calculate ATPase rate K at a head, we define the mean ATP binding rate, , and the mean ATP turnover rate, . Then K can be written as (see Appendix B)
For a more precise calculation of K, we should consider the probability distributions of ATP 
Thus the mean ATP binding time is 
where , . The mean ATPase rate is
When there is a force F exerted on the MD in the moving direction of myosin V, we have (see Appendix B) 10 1 (
Myosin V. When there is a load load F in the opposite direction of myosin V movement, the forces exerted on MD's of the two heads in rigor state can be calculated by referring to Fig. 5 , where the neck length and the angles between necks and actin are taken in accordance with experimental results [35] . Thus the forces on the two MD's in the motor's movement direction can be written as , (5)-(8a), the experimentally measured dwell duration versus load (Fig. 2d in Ref. [1] ) can be fitted well, which is shown in Fig. 6(a) . It is noted that from the fitted parameter values Because the distance between the two MD's of myosin V can vary within a limited range around their equilibrium distance, and, on the other hand, the binding force of the binding sites on actin must be strong enough to overcome the elasticity of retaining the equilibrium orientation of the detached head, it is anticipated that the detached head will bind to actin in a narrow range. Thus the step-size distribution is also narrow. However, because myosin VI (or the mutant myosin V in Ref. [16] ) diffuses with both heads detached, it is anticipated that, similar to the bound-level distributions as observed in Refs. [32] and [33] , the leading head binds to actin in a wide range. Thus the step-size distribution is significantly broader than that of native myosin V. Because of the diffusion behavior, we also expect that myosin VI (or the mutant myosin V) may have backward steps against forward force F E and have forward steps of two-step size. These deductions are in agreement with the experimental observations [6, 7, 16] .
At last, because during the moving period one head remains bound to actin for myosin V whereas two heads are detached from actin for myosin VI, we would expect that it is relatively much easier for myosin VI to diffuse away from (or release) actin than myosin V. That means that myosin V can take much more steps than myosin VI before releasing actin. This is supported by experiments: Myosin V can take at least 40 -50 steps on average before releasing actin [1] , whereas we see that, from the measured mean run length of 226 nm [6] , myosin VI can take 226nm/36nm ≈ 6.3 steps on average before releasing actin. Furthermore, because of the almost free diffusion along actin at near stall force, it is easy to understand why myosin VI exhibits remarkable oscillatory behavior with rapid transitions between two bound positions [6] . However, because there is always one head bound to actin, myosin V occasionally steps backward at high load [1] .
In summary, we propose a new hand-over-hand model for the processive movement of myosin V and myosin VI that relies on chemical, mechanical, and electrical couplings. Their moving directions are determined by the relative orientations between their two heads at equilibrium and the heads' binding orientations on actin; while their mean step sizes are determined by the pseudo-repeat (~36 nm) of actin helix. Similar to kinesin, one head remains bound to actin during the moving period in one step for myosin V, which is like human walking; whereas for myosin VI, both heads are detached from actin during the moving period in one step, which is somewhat like human running. The processive movement does not need to rely on the two heads' coordination in their ATPase and mechanical cycles. Rather, the ATPase activities at the two heads are independent. The much higher ATPase rate at the trailing head compared with that at the leading head naturally makes myosin V walk processively, with one ATP generally being hydrolyzed per step. The actin-activated release of ADP makes myosin VI walk one step by consuming one ATP. This model is consistent with the measured pathway of myosin ATPase and the structural observations by electron microscopy. In particular, the model can give a very natural explanation of the similar dynamic behaviors but opposite moving directions of myosin VI and mutant myosin V. Using the model, the much shorter mean run length and the significantly broader distribution of step sizes of myosin VI (or mutant myosin V) compared with those of myosin V are well explained. The theoretical results of the dwell duration between steps versus load for different ATP concentrations and versus [ATP] at low load for myosin V are in agreement with previous experimental results. This research is supported by the National Natural Science Foundation of China (Grant numbers: 60025516, 10334100).
Appendix A
Equation (1) can be rewritten in the following form
where ( 
Using Eq. (5.2.157) in Ref. [36] and from Eq. (A2) we have
where the motion is supposed in the interval (a, b) and the barrier at a is reflecting and the barrier at b is absorbing. Using Eq. (5.2.160) in Ref. [36] , the mean first-passage time can be written as
Integrating Eq. (A4) we obtain
where for myosin V, , and for myosin VI,
As defined in the text, ( ) g t dt represents the probability of the time interval between two successive collisions of ATP molecules with the ATP binding site of a MD at t ~t ;
represents the probability of the ATP turnover time at t ~t dt + ( ) h t dt dt + , i.e., the time interval from the moment when an ATP molecule binds to the MD to the moment when and ADP are released. 
From Eq. (B1) we can easily obtain the mean time of ATP binding is 
where is the mean ATP turnover rate. 
Because ( ) g t and are independent, then we have the mean ATPase time ( ) h t T
Substituting Eqs. (B1) and (B6) into Eq. (B7), we finally get 1  2  1 2  2  1  1  1  2  1  2  1  2  2  2  2  1 2  2  1  2  1  1  1  1  2  2  2   1  2,  2 
Therefore,
For an approximation, the mean ATPase time T is usually taken in the following form in literatures 
When there is a force exerted on the MD, the mean ATP turnover rate, , and the mean ATP binding rate for unit [ATP] , , follows the general Boltzman form [37] 
Similar to Eqs. (B9) and (B10), from Eq. (B4) and Eq. (B11), we have 
